Abstract: In this study, reinforcing effect of nanomodified coir fibers with ferric hydroxide, FeðOHÞ 3 , and aluminum hydroxide, AlðOHÞ 3 , on shear strength of limed marine clay soil was investigated. Accordingly, triaxial compression strength (TCS) testing was carried out to determine the shear strength parameters of the reinforced soil. Also, wetting/drying cycle testing was conducted to assess the durability of samples. The results from the experimental investigation show that the lime and nanomodified fibers improved the shear strength and durability through the intended modification on natural coir fiber. Moreover, an increase in the effective stress internal friction angle and the cohesion intercept were observed. To confirm the morphology alteration in fibers, scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) tests were performed. Nanomodification of fibers increased their tensile strength and caused a better interaction with the limed matrix by an enhanced interfacial adhesion. The tensile strength and friction at the interface was the dominant mechanism controlling the reinforcement benefit.
Introduction
Marine clay soils under land-based structures develop considerable variation of shear strength, which causes differential movement, severe damage in foundations, buildings, roads, embankments, retaining structures, and canal lining. The southeast Asian tropical marine clay soils are classified as problematic clays because of an initial water content that is occasionally higher than its liquid limit. The engineering behavior of Southeast Asian marine clay has been studied by some researchers (Bo et al. 2015; Horpibulsuk et al. 2007; Rahman et al. 2013; Shibuya and Tamrakar 1999; Taha et al. 2000; Tanaka et al. 2001 ). Reportedly, the liquid limit and plasticity index values of marine clay range between 50 and 90% and 26 and 49% in Malaysia. For Singapore marine clay, the liquid limit and plasticity index are within the range of 40-90% and 40-60%, whereas the Bangkok marine clay liquid limit and plasticity index range between 45 and 85% and 30 and 70%, respectively. The shear strength is affected by high water content and a high plasticity index of the marine clay soil. The marine clay of Singapore was soft and weak with undrained shear strength values ranging from 30 to 60 kPa, whereas the strengths measured by the field vane shear test is approximately constant at approximately 30 kPa in Bangkok Marine clay (Shibuya and Tamrakar 1999) . However, the undrained shear strength of Malaysia marine clay is as low as 10-30 kPa (Chong and Kassim 2015) . Rahman et al. (2013) related the poor shear strength of Malaysian marine clay to the existence of an abundant amount of montmorillonite, which has large affinity for water. Therefore, such soils undergo large swelling, leading to severe distress and damage to the overlying structures (Petry and Little 2002) .
Lime is commonly used to immobilize water in marine clay by its chemical reactions and reduce plasticity index of the clay (Kamaluddin and Buensuceso 2002; Rajasekaran and Rao 1997) . However, soils treated with lime are subjected to a brittle failure (Ninov and Donchev 2008) . A possible solution is inclusion of randomly distributed natural fibers (e.g., roots, sisal, coir, and palm) to increase the strength of soil and to reduce the number and width of cracks (Anggraini et al. 2015a, b) . Of all the natural fibers, coir fiber has the greatest tensile strength, and it retains this property even in wet conditions (Eze-Uzomaka 1991; Ghavami et al. 1999) Coir (fruit fiber) is an agro-waste by-product obtained from coconut plantations. Coconut plantations play a dominant role in the economy of tropical countries. Malaysia is one of the largest coconut suppliers with a production of more than 120 million t annually (Ministry of Agriculture 2006). Coir fiber is suitable agro-waste material for reinforcement of soils because of their availability, low cost, and environmentally friendly nature. Coir fiber contains more lignin than all other natural fibers, such as jute, flax, linen, and cotton. It has a lignin content of 45.84%, which makes it as the strongest of all known natural fibers (Girish and Ramanatha Ayyar 2000; Sen and Reddy 2011) . Previous studies have reported the efficiency of short coir fibers to reduce the swelling potential of the expansive soils (Sivakumar Babu et al. 2008) . Despite many advantages, some modifications are useful to improve the performance of coir fibers as soil reinforcement.
Recently, few efforts have been made to enhance the interaction between soil and the coir fibers by modification of the fiber's surface. One of the applied methods is the alkali treatment. In this method, strong sodium hydroxide was used to increase the number of reactive hydroxyl groups on the fiber surface to enhance chemical bonding (Dutta et al. 2012) . In another study, kerosene, bitumen, and varnish were used to coat the coir fibers to modify the surface of fibers. Kerosene increased compression strength by 55% compared with uncoated coir fiber in soil (Ramesh et al. 2011) . So far, however, no studies address the enhancement of tensile strength of coir fiber and its interaction with soil.
This study investigates the shear strength properties of limetreated soil reinforced with modified coir fiber. A nanomodification method was applied through a chemical treatment with ferric chloride and aluminum chloride to impregnate fibers with nanoparticles of ferric hydroxide and alumium hydroxide. The overarching purpose of this study was to increase the tensile strength of fibers and to enhance their interaction with marine clay soil. To investigate the reinforcing effect, triaxial compressive strength testing was conducted. Also, to understand the underlying mechanisms of chemically treated fibers, scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) tests were conducted.
Materials and Methods
The soil used in this study was a typically marine clay-based soil extensively distributed in Klang, Selangor Malaysia. The basic properties of the soils used are presented in Table 1 . The soil was classified as clay with high plasticity.
In addition, lime was used as an active additive, consisting of 92% CaðOHÞ 2 . The coir fibers used in this study are matured coir fibers consisting of 45% lignin and 43% cellulose. Fibers with length ranging from 10 to 15 mm and a diameter within 0.2 to 0.25 mm were investigated in this study.
Experimental Program

Modification of Coir Fibers
The precipitation method was used for loading of FeðOHÞ 3 and AlðOHÞ 3 nanoparticles on the fiber surface and in the fiber pores. The reaction was carried out at ambient condition, temperature, and pressure. For this purpose, in the first step, 50 g of coir fibers were soaked in 500 mL aqueous solution, 0.5 M FeCl 3 for 24 h to uniformly fill the fiber pores and surfaces by the FeCl 3 solution. In the second step, the soaked coir fibers were separated from the FeCl 3 aqueous solution and were incubated in another beaker, and 500 mL of sodium hydroxide, 0.5 M aqueous solution was then added to it and was kept for 24 h. During this treatment, FeðOHÞ 3 quickly precipitates as nanoparticles on the fiber surfaces and in the pores. Finally, the coir fibers were separated from the sodium hydroxide solution and were washed by distilled water to remove the undesired residue of the reaction, such as NaCl and NaOH. Fibers were then dried at ambient room temperature.
The same procedure was done for precipitation of AlðOHÞ 3 from AlCl 3 and NaOH solution on the fiber surfaces and pores. Fig. 1 shows the system used in the modification of coir fiber; additionally, Eqs. (1) and (2) show reaction of the FeðOHÞ 3 and AlðOHÞ 3 preparation
Preparation of Test Samples
Two series of soil mixtures, with and without additives, were thoroughly mixed at their optimum moisture content. The mixing of soil with 1% of unmodified and modified coir fibers were performed manually, and then 5% lime was added. The cylindrical soil samples with 50-mm diameter and 100-mm length were compacted at maximum dry density and optimum moisture content using the static compaction method as specified in AASHTO T 307-99 (AASHTO 2003) . Finally, all specimens were wrapped with a thin plastic film and aluminum foil and were then stored in a curing chamber at room temperature (25 AE 1°C) for a duration of 90 days before testing.
Single-Fiber Test
Single-fiber tensile testing was conducted based on ASTM D3379 (ASTM 1989). The gauge length was 10 mm with a crosshead speed of 1 mm=min. Individual fiber breaking loads were recorded, and the diameters were measured using an optical microscope type Leica MS 5 (Leica Microsystems, Malaysia). The tensile strength was evaluated to investigate the effect of chemical treatment on tensile strength of coir fibers.
Fiber surfaces and cross sections of treated and untreated coir fibers were examined with a field emission scanning electron microscope coupled with an energy dispersive X-ray spectrometer (Malaysia). Samples were sputtered and coated with gold for 2 min utilizing a sputter coater to improve the electrical conductivity of samples for the SEM experiment.
Triaxial Compression Strength Test
To study the effect of fibers on the shear strength of marine clay, a number of consolidated undrained triaxial (CU) tests were performed on unreinforced soils samples as well as on samples reinforced with modified fibers according to ASTM D4767-04 (ASTM 2004) . The triaxial tests were performed under the confining pressure of 50, 100, and 150 kPa. All specimens were fully saturated with a minimum measured B-value of 0.92. Axial load was applied under strain-controlled conditions with a strain rate of 0.015 mm=min. The slow rate was chosen to ensure the equilibrium of pore water pressure throughout the sample during the test (Dutta et al. 2012; Estabragh et al. 2013) .
Durability
The durability test was conducted by repeating wetting and drying of the specimens in accordance with ASTM D559-03 (ASTM 2003). The specimens were subjected to 1-5 cycles of wetting/drying comprised of submersion samples in water and air drying. The unconfined compressive test was then used after each cycle was completed.
Results and Discussion
Tensile Strength of Unmodified and Modified Single Coir Fiber and Microstructural Analysis
Tensile strengths of unmodified fiber (F), FeðOHÞ 3 -modified fiber (FF), and AlðOHÞ 3 -modified fiber (AF) are shown in Table 2 . All prepared fibers were tested in triplicate (the average value adopted as the test value). Table 2 shows that nanomodification of coir fibers increased the tensile strength by 63 and 33% for FF and AF, respectively. The average value of tensile strength of coir fibers was 148.35, 120.33, and 90.81 MPa in AF, FF, and F, respectively. The enhanced tensile behavior of treated fibers may be attributable to the crystallization of nanoparticles into the pores of cellulosic cells and available capillaries in the fiber structure. The high strain failure up to approximately 30% has the potential to ameliorate the toughness when they are used in composite (Defoirdt et al. 2010) . Figs. 2(a and b) illustrate the morphology of the fiber surface of unmodified and modified coir fiber, respectively. Fig. 2(b) shows that clusters of proposed materials changed the morphology into a relatively rougher surface. This may contribute to a higher interaction between the surface and marine clay soil by which a variation in behavior of the composite may be expected.
Figs. 3(a-c) show SEM of the cross section of an untreated coir fiber for which the central lumen was observed at higher magnification. The empty lumen illustrates the microstructure of an unmodified coir fiber as shown in Fig. 3(a). Figs. 3(b and c) show SEM of the cross section of treated coir fiber with AlCl 3 and FeCl 3 , where lumens were boarded with spherical particles with the size ranging from 109 to 119 nm, which may indicate formation of nanosized crystals in the fiber structure. The nanoparticles filled some of the lumen-like portion in the coir fiber. The extended tensile strength in chemically treated fibers may be well explained by nanomodification of coir fiber structure resulting from the filling and cross linking effects of crystalized FeðOHÞ 3 and AlðOHÞ 3 contributing to the load sharing phenomenon during tensile loading. The coir fiber treated with AlCl 3 had a higher tensile strength that may be related to larger crystals of AlðOHÞ 3 formed in the cellulosic structure of fibers. For further scrutinizing the authenticity of the FeðOHÞ 3 and AlðOHÞ 3 formation into the cellulosic structure of the fiber, EDX point mapping was conducted on SEM images to characterize the altered morphology of lumens after treatment.
Figs. 4(a-c) show EDX spectrums of SEM images for unmodified fibers as well as AlCl 3 -and FeCl 3 -treated coir fibers. Eminent peaks of Fe and Al are observed in Figs. 4(b and c) , which confirms the availability of the crystalized FeðOHÞ 3 and AlðOHÞ 3 in the lumens. The Au peaks are related to the coating before the SEM test. Also, available Na present in the spectrum of chemically treated fibers may result from the chemical treatment process in which the fibers were soaked in NaOH. Fig. 4(a) shows that none of the aforementioned elements were traced in the untreated fiber. Figs. 5(a-c) show the deviator stress-strain relationship of the samples at various confining stresses, i.e., 50, 100, and 150 kPa. In Figs. 5(a-c) , the deviator stress increased at failure with the increase in the applied confining stress. The treated fiber-reinforced soil specimens had higher peaks than the unmodified fiberreinforced soil specimens for all the confining stresses.
Furthermore, the postpeak behavior of the fiber-reinforced soil showed that fibers were effective enough to mobilize operative tensile stress in the samples. Figs. 5(a-c) shows the results of the shear tests on the soil-lime-FeðOHÞ 3 modified fiber (SLFF) and soil-lime-AlðOHÞ 3 modified fiber (SLAF) samples and showed that fibers obstructed the induced cracks more effectively after failure. Deviator stress increased with increasing confining stress up to approximately 376, 467, and 677 kPa at confining stress of 50, 100, and 150 kPa, respectively, for SLFF samples. SLAF mixtures had the highest peak response of all samples. The maximum values of deviator stress significantly increased to approximately 443, 482, and 802 kPa at confining stresses of 50, 100, and 150 kPa for SLAF samples. The enhancement was 22, 17, and 88% comparing the unmodified fiber reinforced soil specimens. The results showed that the stress-strain behavior was markedly affected by incorporating nanomodified fibers into the soil. The inclusion of nanomodified fibers caused an increase in peak shear strength and a reduction in the loss of postpeak stress for all different confining stresses. This behavior is attributable to strong interfacial adherence and frictional interaction between the treated fibers and the soil particles. The interaction of the reinforced fiber is through additional tensile strength that can be developed along the length of fibers and the addition of a stronger material to the soil. These findings are in agreement with the results reported by other researchers (Ahmad et al. 2010; Botero et al. 2015; Estabragh et al. 2013) .
For a fundamental understanding of the undrained behavior of unreinforced and reinforced samples, it is prudent to observe the pore water pressure in the mixtures. Figs. 6(a-c) show initial pore water pressure induced by the undrained shearing until failure for all samples, indicating a dilative behavior of samples at the prefailure stage of the test. For unreinforced soil (S) and soil-lime (SL) samples, this behavior was dominant at all stages of the compression test. However, in samples reinforced with fibers, the pressure decreased to a level below its original value after the failure, which may be because of disjoining pressure by induction of microcracks. Having been obstructed by fibers, microcracks may cause a negative pressure (water suction), leading to a contracting force at Figs. 6(c) , the difference in pore pressure was more pronounced at higher confining stresses owing to the removal of a higher amount of water from the soil.
Figs. 7(a and b) illustrate increasing the reinforced soil strength parameters (c and ∅) with the presence of unmodified and modified fiber. For the unreinforced soil specimens, the values of friction angles in terms of total and effective stresses (∅ and ∅ 0 ) are 12°a nd 28°, respectively. For the soil-lime-unmodified fiber (SLF), SLFF, and SLAF samples, the friction angles were 38°, 40°, and 38°in terms of total stress and 40°,40°, and 42°in terms of effective stress. The values of the cohesion was 110 kPa for unmodified coir fiber, 120 kPa for SLFF, and 118 kPa for SLAF, in terms of total stress, and 40 kPa for unmodified coir fiber and 40 kPa for SLFF and 75 kPa for SLAF in terms of effective stress. However, friction angle and cohesion increased with the presence of fiber in limed soil. Both unreinforced and reinforced fibers exhibited the same improving trend on the shear strength parameters.
Significant tensile strength can be developed along the length of unmodified coir fibers. However, nanoparticle-modified coir fiber permits an increase in the cohesion and internal friction angle of soil better than unmodified coir fiber. This study is in line with the study by Ahmad et al. (2010) that indicates the shear strength parameters of the soil-fiber mixture can be improved significantly by coating oil palm fibers. Estabragh et al. (2013) also found out that the palm fibers control the strength behavior of soil with their tensile capacity. Table 3 presents the unconfined compressive strength (UCS) of the stabilized and reinforced specimens after wetting/drying. The change of compressive strength values after the wetting/drying cycles can be expressed as the residual strength index, R, which is the ratio between the compressive strength after the wetting/dring cycles (Muntohar et al. 2013 ) q uðwet=dryÞ and before the cycle, q uð0Þ R ¼ q u ðwet=dryÞ q uð0Þ ð3Þ
Durability Test
Results in this study showed that wetting/drying cycles significantly reduced the compressive strength of the unstabilized soil specimen (S). The wetting/drying cycles caused the soil specimens to fail after three cycles, which is the same trend as in Muntohar et al. (2013) . The SLF showed more resistance to wetting/drying than the limed soil specimens (SL). The addition of treated fiber in the limed soil (SLFF, SLAF) enhanced the resistance when exposed to wet/dry cycles. Previously, it was reported that wetting resulted in a higher water content as necessary for the pozzolanic reactions (Muntohar et al. 2013) . Under this condition, the pozzolanic reactions would produce cemented material that coated the soil particles and increased the strength with an increase of the number of cycles. During wet/dry cycles, the stabilized soil gained extended curing time; consequently, the durability of stabilized soil was improved. As for fiber-reinforced limed soil, the presence of fiber further increased the number of wetting cycles by which sufficient water for hydration was supplied, and hence, the strength developement augmented. Soil samples with nanomodified coir fibers showed 
Conclusions
This study applied a chemical treatment using AlCl 3 and FeCl 3 to modify the microstructure of coir fibers to enhance the mechanical properties of lime-treated marine clay soil. The following conclusions can be drawn from this study:
• Nanomodification of coir fibers increased the tensile strength by 33 and 63% in fibers modified with FeðOHÞ 3 and AlðOHÞ 3 , respectively.
• SEM results showed that cellulosic pores of the coir fibers were filled with nanosized crystals ranging from 109 to 119 nm. Alteration of fiber morphology was also observed in treated fibers. EDX spectrums of SEM images confirmed the availability of FeðOHÞ 3 and AlðOHÞ 3 in the lumens.
• The addition of nanomodified coir fibers increased the peak strength of marine clay soil with an increasing level of confining pressure, and consequently, led to a more ductile behavior. Both the internal friction angle and the cohesion intercept increased when nanomodified fibers were added. The internal friction angle of effective stress increased from 40°in limed soil reinforced with unmodified fibers to 42°in limed soil reinforced with modified fibers. Also, an increase in the cohesion intercept from 40 to 60 kPa was observed when nanomodified fibers were used.
• Inclusion of nanomodified fibers as reinforcement of limed soil increased the number of wetting cycles through their higher tensile strength and ability to absorb water. This caused sufficient water to be imbibed in soil by which the hydration rate increased and the residual strength augmented. 
